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Abstract 
The materials for bone implants have undergone much research, from using stainless steel to 
cobalt-chromium alloys to the current used material of titanium. However, titanium is still an 
imperfect material, with the elastic modulus of 90-110GPa, which is higher than that of 
cortical bone, which has an elastic modulus of 10-30GPa.  
 
Research was conducted to find a method which could reduce the elastic modulus of titanium 
to that of cortical bone. The research found that the space holder technique with the powder 
metallurgy method could achieve this, and after researching that ammonium bicarbonate 
served as a suitable space holder, the effects of parameters within the space holder technique 
was researched, which was used to generate the parameters used to produce samples for 
testing. 
 
After creating the samples to the set parameters, the samples underwent compression testing 
and hardness testing, from which stress-strain graphs and Vickers hardness were gathered. 
The results showed that the space holder technique was an effective method to create samples 
with elastic modulus close to that of cortical bone. It was also found that the optimal range of 
percentage of space holder was 30%-45%. The results showed that the samples have 
inconsistent mechanical behaviour, particularly for the 30% and 45% sample. 
 
For future works, the consistency of the mechanical behaviour, how close the materials 
behave to foamed materials and the linearity assumption between space holder percentage and 
elastic modulus should be tested.  
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1 Introduction  
Whether from natural degradation or from accidents, bones and other parts of the body 
weaken until they become painful or deficient. Naturally, this can happen in people as young 
as 30 years old, and the only solution for them is replacement surgery [1]. However, without 
an appropriate material choice, the replacement part can fail from many causes, including 
wear and corrosion[2]. This results in revision surgery to replace the initial replacements, and 
these surgeries have a lower chance of success as well as higher costs than the first surgery [2, 
3]. Because of this, biomaterials, defined as natural or artificially-made materials which repair 
or assist with the function of an organ, have become an important part of research and 
development to develop the best material possible which lasts long enough so that no revision 
surgery is necessary[4]. 
 
1.1 Background 
The use of metals as a biomaterial started in the 20th century, and have continued to be 
commonly used as an implant in replacement-type surgeries[4]. However, due to the high 
wear rate of most metals, the lifetime of most metallic replacements is quite short compared 
to natural joints [3]. Only a few materials have achieved long term success, and they can be 
grouped into the following categories: Stainless Steels, Cobalt-Chromium Alloys and 
Titanium Alloys [2, 4].  
 
1.2 Stainless Steel and Cobalt-Chromium Alloys 
Stainless steels are a versatile material, having been used since the Iron Age around 1200 BC. 
This versatility extends to the medical world, where austenitic steels are used for bone 
replacement[5]. Stainless steels are mostly biocompatible, and chromium, which makes up 
11% of stainless steel, provides an oxide layer which inhibits corrosion [5]. However, there 
are many side effects, for example nickel, which is used to stabilise austenite, is highly toxic 
to the human body, and the significantly higher elastic modulus of stainless steels (200 GPa) 
than bone (10-30 GPa) causes insufficient load transferring, resulting in the stress shielding 
phenomenon, where the corresponding bones weaken and decay, leading to bone resorption 
and loosening [1-4]. Due to this, stainless steels have limited use in bone replacement, used in 
elder patients with limited life remaining[5]. 
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Cobalt alloys have superior fatigue resistance and lower toxicity compared to stainless steel, 
as well as having strong corrosion resistance, hence cobalt alloys have been used in more 
applications as biomaterials than stainless steels[4, 5]. However, cobalt alloys still have 
significantly higher elastic modulus (240 GPa) compared to bone, causing the stress shielding 
phenomenon, bone resorption and loosening[2, 4]. 
 
1.3 Titanium Alloys 
Titanium alloys have been used in medicine since 1940 and possesses excellent material 
properties for medical application[6]. These properties include high corrosion resistance, high 
tensile strength, good biocompatibility and importantly a lower elastic modulus than stainless 
steel and cobalt alloys (90-110 GPa) among others[2, 7-10]. These properties make titanium 
the most attractive biomaterial compared to stainless steels and cobalt based alloys.  
 
1.4 Use of Ti64 and Pure Titanium as Implants 
Commercially available pure titanium and medical grade Ti-6Al-4V, known as Ti64, are the 
commonly used versions of titanium in the field of biomaterials, and have proven to behave 
well in the body[1]. However, the elastic modulus is still much higher than bone resulting in 
the stress shielding phenomenon. Furthermore, Ti64 have been shown to release vanadium 
and aluminium, which have long term health effects[1-4, 6, 7, 11, 12].  
 
1.5 Outline of Problem 
Stainless steel and cobalt-chromium alloys have been replaced by titanium as the best 
biomaterial for replacing bone, showing superior tensile strength and corrosion resistance, as 
well as better biocompatibility and lower elastic modulus than both stainless steel and cobalt-
chromium alloys. However, despite these superior material properties, the elastic modulus of 
titanium remains a problem for use as a bone implant, with the elastic modulus at 90-110GPa, 
which is above that of cortical bone of 10-30GPa. This difference creates the stress-shielding 
phenomenon, increasing the chances of failure during operation. 
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1.6 Aim 
To help solve this problem, this thesis will research to find a method which can reduce the 
elastic modulus of titanium closer to the elastic modulus of bone while maintaining as many 
properties of the titanium which make it a good biomaterial. This thesis will also try to find 
the optimal points of the researched method where the material properties of the sample is 
close to that of cortical bone. 
 
The method of analysis consists of: 
 Analysing the microstructure 
 Analysing the elastic modulus and yield strength obtained by compression test 
 Analysing the hardness obtained by the Vickers hardness test.  
And from the analysis, the optimal point of the research method will be found.  
 
The non-mechanical properties of titanium which cannot be obtained by the above tests will 
not be analysed e.g. corrosion resistance and biocompatibility and will not be used in the 
analysis to evaluate the effectiveness of the method researched. 
 
1.7 Outline of Thesis 
This layout of this thesis will start with the literature review, which will research into possible 
solutions and its intricacies. After finalizing a method, the methodology will outline the steps 
taken to produce the samples in this method and the testing to gather the mechanical 
properties of the samples, and an analysis will be conducted, from which conclusions will be 
gathered.   
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2. Literature Review 
2.1 Technologies to create Samples 
There are several ways to shape metals. These include the electron beam melting process, 
rapid prototyping, laser-engineered net shaping and powder metallurgy among others[12]. Out 
of all the options, powder metallurgy is cheap and has a near-net shape finish of the produced 
samples which require very little machining. It also does not melt the metal to form the 
required shape but rather forms it in solid state, allowing better control over the mechanical 
properties [13]. Because of these benefits, this thesis will use powder metallurgy to produce 
samples for testing. 
 
2.1.1 Powder Metallurgy Methods 
Within powder metallurgy, there are two important methods used in medical applications to 
shape metallic powders, additive manufacturing and sintering. Additive manufacturing is a 
full melting technique that can create a near-net shape of complex shapes but consequently is 
more complex, requiring higher costs. Sintering is a partial melting technique that uses a 
simple die compaction process to shape the powders, lowering costs but requiring more 
finishing to achieve the required shape. Considering this thesis will only be evaluating the 
mechanical properties, no complex shapes will be required, and full melting means less 
control on the mechanical properties. Hence sintering will be used to shape the powders. 
  
2.1.2 Space-Holder Technique vs. Alloying with Beta-stabilizing Elements  
Powder metallurgy commonly create two types of samples, porous and alloyed. These two 
finished types are based on the method during the compaction and sintering stages, and have 
their own merits in addition to reducing the elastic modulus of titanium[1, 8, 12].  
 
To make alloyed implants, the use of beta-stabilising elements allows a higher proportion of 
the beta phase to appear, which has a lower elastic modulus than the normally appearing alpha 
phase, lowering the overall elastic modulus of the sample. The implants created by this 
method exhibit good biocompatibility (when not using aluminium or vanadium), high fatigue 
resistance (infinite lifetime at loads of up to 640 MPa), high hardenability, good ductility and 
toughness among many other advantageous properties[3, 4]. 
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The porous samples are normally created by the space-method, where the samples are mixed 
with a material which can easily evaporate during mixing, and evaporated before the sintering 
step. The implants allow for higher bone ingrowth, lowering the chances of loosening and 
promotes more body fluids and cells to spread, decreasing the chances of rejection[7, 14]. It 
also offers higher control of the size and shape of the implant, and is simple [6]. However, 
this method also lowers the yield strength of the implant, and if the yield strength is too low, 
the sample will break from forces which a regular piece of cortical bone would’ve resisted, 
resulting in early failure too. For this thesis, porous titanium will be investigated.  
 
2.2 Target Mechanical Properties 
As specified in the introduction, the elastic modulus of bone was in the range of 10-30GPa. 
However, yield strength is also an important mechanical factor too, as if the implant yield 
strength is too low, the sample may fail under a force which typical bone can resist, leading to 
replacement. From an experiment conducted by Xuanliang et al., they obtained a longitudinal 
yield strength of 111MPa [15], and this will be used to be the minimum yield strength the 
samples need to have. Hence, the target mechanical properties are: elastic modulus of 10-
30GPa and yield strength of above 111MPa.  
 
2.3 Space Holder Choice  
2.3.1 Criterion 
In the space holder method, the choice of the space holding material is just as important as the 
implant material, as the space holder can sometimes remain in small quantities after 
evaporating it. The space holder material must not have health side effects, otherwise this will 
cause more pain or other health problems. It should also have a lower evaporation temperature 
for ease of evaporating the material, increasing the chances of removing all of the space 
holder material after evaporation.  
 
2.3.2 Urea 
In an experiment conducted by de Vasconcellos et al., the authors used Urea to create their 
porous samples. In this experiment, their sample was heated to 180-200°C to evaporate the 
urea away, and the samples did not cause any health issues to the tested animals [7].  
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2.3.3 Ammonium Bicarbonate 
The melting temperature of ammonium bicarbonate is 41.9°C, and in an experiment by 
Mondal et al., after evaporating and sintering a porous sample using ammonium bicarbonate, 
none of the ammonium bicarbonate remained or created any dangerous by-products, 
confirming the relative ease of evaporating ammonium bicarbonate and its lack of health 
effects. However, the shape of the sample does change under cold compaction, changing the 
cell distribution, as noted in an experiment by Khodaei et al[6, 10]. This can undesirably 
change the mechanical properties of the sample. 
 
2.3.4 Wax 
The melting temperature of wax is 99°C, and samples using wax as the space holder have 
lower elastic modulus and yield stress than ammonium bicarbonate, in the experiment 
conducted by Mondal et al. [10].  
 
2.3.5 Sodium Chloride 
Sodium chloride is dissolved in water to evaporate it from the sample rather than melting, and 
in the experiment by Khodaei et al., the cell distribution and morphology are more uniform 
compared to ammonium bicarbonate but displayed much lower mechanical properties in 
comparison[6]. 
 
2.3.6 Final Material Choice 
The space holders researched have very little differences between each other, with no noted 
health effects. However, with the ease of melting and evaporating ammonium bicarbonate, 
and by recommendation by Laptev et al., ammonium bicarbonate shall be used for this thesis. 
 
2.4 Percentage of Porosity 
The percentage of porosity, which is the inverse of the relative density, is inversely 
proportional to the elastic modulus and yield strength through the Gibson-Ashby Equations, 
as noted in equation (1) and (2): 
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Equation 1: Gibson-Ashby Equation 1 
𝐄∗
𝐄𝐒
≈ (
𝛒∗
𝛒𝐒
)
𝟐
 
Equation 2: Gibson-Ashby Equation 2 
𝜎∗
𝜎𝑆
= 0.3 (
𝜌∗
𝜌𝑆
)
3
2
 
Where E is the elastic modulus, σ is the yield strength, ρ is the density, the superscript * is the 
property of the experimental sample, and the subscript s is of a fully dense sample[7]. This 
means that the higher percentage of space holder in the sample, the lower the elastic modulus 
becomes. However, from the two equations, too high a percentage can result in too low elastic 
modulus and yield strength than that of bone, as noted in the experimented conducted by 
Mondal et al. where 89% porosity resulted in an elastic modulus of approximately 1GPa [10]. 
Increasing porosity also reduces the hardness of the samples, which is proportional to wear 
resistance, required for the implants to have a long lifetime. This also means that the choice of 
porosity should not be too high either. 
 
According to Oh et al., 30% is the approximate percentage of porosity to produce a sample 
with similar elastic modulus and yield stress as bone[16], while another study conducted by 
Wisutmethangoon et al. found the optimal range to be 33.51% to 49.09%[17]. 
 
2.5 Compaction Pressure 
The increase of the compaction pressure increases the relative density of the sample from the 
decrease in size of the sample [1, 6, 14]. With equations 1 and 2, this means that the increase 
of the compaction pressure increases the elastic modulus and yield strength. However, the 
experiment conducted by Wisutmethangoon et al. shows that the hardness is proportional to 
the compacting pressure[17]. The effect on relative density is significantly less than 
increasing the porosity, so large pressures should be used to guarantee the compaction of the 
sample[10]. 
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2.6 Sintering Temperature 
The effect of increasing the temperature corresponds to an increase in elastic modulus and 
yield strength [1], due to the decrease of effective porosity and pore size as shown in the 
experiment conducted by He et al.[8]. This means that lower sintering temperatures are 
preferred. However, if the temperature is too low, the samples will become too brittle, 
showing low wear resistance.   
 
2.7 Summary 
From the literature review, the chosen technology of sample making was powder metallurgy 
due to its cheapness and the little machining it typically requires. Within powder metallurgy, 
sintering controls the material properties well and is relatively simple, which is what is 
required for this thesis.  The space holder technique was also chosen to make porous samples 
due to higher bone ingrowth that the implants generate and lowering the chances of loosening, 
while decreasing the chance of rejection from the body. 
 
The space holder technique needs a space holder material; however, most space holder 
materials have very little differences between each other. Ammonium bicarbonate was chosen 
to be the space holder material, as the melting temperature is 41.9°C, making it easy to 
evaporate the material prior to sintering. 
 
The porosity percentage inversely influences the mechanical properties: the higher the 
percentage, the lower the mechanical properties become, hence a higher porosity percentage 
is desired. However, since hardness also drops, which is proportional to wear resistance, 
significant percentages need to be avoided, meaning a balance needs to be found. From 
previous studies, 30-50% is the optimal range, so this will be tested in this thesis. 
 
The increase of compaction pressure increases the chances of compaction of the powders, but 
high pressures increases the relative density and the mechanical properties, so a balance needs 
to be found as well. Similar things can be said about the sintering temperature, increasing the 
temperature causes an increase in elastic modulus and decreasing the temperature decreases 
the hardness. 
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2.8 Final Parameters 
The following table outlines the parameters which have been determined from the literature 
review, and will be used to achieve the aim for this thesis. This is followed by the justification 
for each parameter. 
Table 1: Table of chosen parameters for testing 
Method/Parameter Proposed Solution 
Technique Powder Metallurgy: Space Holder Method 
Space-holding Material Ammonium Bicarbonate 
Compacting Pressure 550 MPa 
Percentage of Porosity 15%, 30% and 45% 
Evaporation Temperature 250 oC 
Evaporation Duration 2 hours 
Sintering Temperature 1300oC 
Sintering Duration 3 hours 
 
Ammonium bicarbonate was used as the space holder due to the ease of evaporation of the space 
holder. The compacting pressure was chosen to be 550 MPa, despite the increase of relative density, 
the increased amount is insignificant compared to the significance of failing to create a fully 
compacted sample.  
 
The percentage of porosity was chosen to be a range to find an optimal point of percentage rather than 
to test a single percentage based on the elastic modulus and yield strength. 30% was chosen as the 
central test to see if it is the optimal point, as concluded by Oh et al. and Wisutmethangoon et al.  
 
The evaporation temperature was chosen to be 250oC, significantly above the melting temperature of 
ammonium bicarbonate, to guarantee the evaporation of the ammonium bicarbonate particles, and the 
evaporation time of 2 hours was to further guarantee this.  
 
The sintering temperature was chosen to be 1300oC to keep the temperature low while partial melting 
of the titanium is still achieved at transus (882.5oC) [3] and kept for 3 hours for the sample to fully 
combine. 
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3. Methodology 
The following section outlines the method taken to prepare and test the samples, as outlined in 
section 2.8, to obtain the stress-strain curves and the Vickers Hardness values required for 
analysis 
 
3.1 Mixture of Powders 
The powders were compiled into the composition outlined in table 2. The names assigned to 
the samples are based on the ammonium bicarbonate percentage and will be used to identify 
the samples for the rest of the thesis. 
Table 2: Table of volume composition of samples and name 
Sample Number Sample Name Volume Percentage of 
Titanium (%) 
Volume Percentage of 
Ammonium Bicarbonate (%) 
1 CP-Ti 100 0 
2 Ti-15% 85 15 
3 Ti-30% 70 30 
4 Ti-45% 55 45 
 
After each sample were compiled, the samples were packed into a container, which was then 
placed into the mixer (figure 1) for the samples to evenly distribute the titanium and 
ammonium bicarbonate powders. The samples were mixed for 20 mins each. 
Figure 1: Picture of Mixer 
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3.2 Compaction of Powders 
Following the mixing of the powders, the mixtures were split into four equal quantities to 
make four samples. The samples were then packed into a holder and loaded into the 
mechanical compressing machine (figure 2). The samples were each loaded to 550MPa and 
held for a minute each, and this was repeated for each type of sample. This resulted in 
samples as in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Picture of compaction machine 
Figure 3: Picture of samples post-compaction 
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3.3 Pre-sintering and Sintering 
Post-compaction, the porous samples were first placed in the Carbolite sintering machine 
(figure 4) to evaporate the ammonium bicarbonate in the samples first at 250°C. The samples 
were then heated to 1300°C for three hours to sinter the samples, both being heated at a rate 
of 4°C/min. Following the sintering, the samples were furnaced cooled at 4°C/min.  
 
3.4 Metallography Procedure 
To analyse the microstructure of the samples, two sets of samples were cut and polished. 
These samples were first cut by a diamond cutter into a smaller size of approximately 2mm. 
These samples were then mounted on resin epoxy, as in figure 5. 
FIGURE 4: PICTURE OF THE CARBOLITE SINTERING MACHINE 
Figure 5: Images of mounted samples: a) Ti-15% b) Ti-30% c) Ti-45% 
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Following the mounting of the samples, these samples were grinded and polished with the 
goal of removing as many scratches as possible. Both processes were achieved with the 
Rotopol machine from Struers, switching the disk part of the Rotopol machine.  
 
3.4.1 Grinding 
The grinding process is outlined in table 3, and after each grinding process was complete, the 
samples were cleaned with ethanol and diluted water to ensure no scratches arise from the 
loosening of particles from the sample.  
Table 3: List of grinding parameters used to grind samples 
Coarseness Duration 
(mins) 
Clamp Force 
(N) 
Sample Holder Speed 
(RPM) 
Disk Speed 
(RPM) 
No. of 
Times 
600 1 120 150 300 1 
1200 1 120 150 300 2 
4000 1 120 150 300 2 
 
3.4.2 Polishing 
After switching the grinding disk to the polishing disk, a 10mL mixture consisting of 90% of 
OP-S and 10% hydrogen peroxide was created to be used as lubricant during the polishing. 
The samples were polished with the parameters outlined in table 4, while the mixture was 
used on the disk each minute that passed during grinding.  
Table 4: List of polishing parameters 
Duration (mins) No. of 
Times 
Clamp Force 
(N) 
Sample Holder Speed 
(RPM) 
Disk Speed (RPM) 
10 2 120 150 150 
 
Similar to the grinding stage; the polishing disk, the sample holder and the samples are 
washed in ethanol and diluted water between each process to avoid scratches from loose 
particles. 
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3.5 Compression Testing 
The rest of the samples which did not undergo 
the metallography procedure were used in the 
compression test. For this test, the Instron 5584 
(figure 7) was used, while a computer with 
software to record the data from the Instron 
machine collected the information. 
 
Due to the samples being too small for the 
camera to detect the strain change, the samples 
were loaded into blocks (figure 6). Two of the 
blocks have white dots, serving as an indicator 
to allow the camera to detect the changes in 
extension. These blocks were used to hold the 
samples, and the set up was placed in the 
Instron machine. 
The test was run for each sample remaining 
from the metallography procedure, and for 
each test, the force on the sample and the 
extension the samples experienced were 
recorded, which would be used to calculate 
the stress-strain graph. 
 
 
 
 
 
 
 
Figure 7: Image of Instron 5584 compression testing machine 
Figure 6: Image of compression test setup 
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3.6 Hardness Testing 
One set of samples subjected to the 
metallography procedure were subjected to 
hardness testing to find the Vickers 
hardness values of the samples. These 
samples were placed on the LV800AT 
machine by Leco (figure 8), and loaded at 
10kgf each with a dwelling time of 10 
seconds. The hardness was measured three 
times for each test then averaged to 
calculate the hardness for that test. The test 
was repeated 11 times to find the average 
Vickers hardness for the whole surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Figure 8: Image of LV800AT Leco machine 
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4. Results and Analysis 
This section contains the results that were collected from the compression testing and the 
hardness testing, as well as the analysis of the microstructure and the two tests.  
4.1 Microstructure Analysis 
To analyse the microstructure, two different magnifications of each sample were taken, one at 
10 times magnification and another at 20 times magnification.  
Figure 9: Image of CP-TI sample at 10x magnification 
Figure 10: Image of CP-TI sample at 20x magnification 
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Figure 11: Image of Ti-15% sample at 10x magnification 
Figure 12: Image of Ti-15% sample at 20x magnification 
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Figure 13: Image of Ti-30% sample at 10x magnification 
Figure 14: Image of Ti-30% sample at 20x magnification 
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Figure 15: Image of Ti-45% sample at 10x magnification 
Figure 16: Image of Ti-45% sample at 20x magnification 
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Comparing the Ti-15% sample to the Ti-30% sample, the most obvious difference is the 
number of pores and the size of the pores, with the pores on the Ti-30% sample appearing 
more frequently and having larger pores than the Ti-15% sample. The same can be said 
comparing the Ti-45% sample with the rest of the samples, having the most pores of the four 
samples while also having the largest pores compared to the other samples. This proves that 
the higher the percentage of any space holder, the higher the porosity the samples become.  
 
The differences of pore size and number are also significantly different from each other, so 
the mechanical properties should also be significantly different, meaning a wider range of 
data set, meaning higher accuracy.  
 
Another comparison that can be made about the samples are the number of pores which have 
been created indirectly from the ammonium bicarbonate particles. These pores are smaller 
than the regular pores, and the Ti-15% sample has very few additional pores, whereas the Ti-
30% sample has some additional pores and the Ti-45% has the most additional pores. This 
suggests that the higher the percentage of ammonium bicarbonate in the mixture, the higher 
these secondary pores appear, and increase the actual porosity of the sample.   
 
Similar things can be said about pores which have combined, which have formed from the 
separate pores being close enough that the pore walls become thin, and break, at some stage 
after the evaporation stage, to combine into one pore. In the Ti-15% sample, some of the 
pores have partially combined, with some of the wall still holding up. The Ti-30% sample 
have larger combined pores where the walls have fully broken, and the Ti-45% sample have 
the largest combined pores out of the three. This again means that the higher the percentage of 
ammonium bicarbonate, the higher the actual porosity becomes from these combined pores. 
 
4.2 Stress-Strain Analysis 
The following figures (17-24) are the stress-strain graphs obtained from the compression test. 
The calculations of the elastic modulus and yield strength, as well as the analysis are in this 
section.  
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Figure 17: Stress-Strain graph of CP-Ti Sample 1 
 
Figure 18: Stress-Strain graph of CP-Ti sample 2 
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Figure 19: Stress-Strain graph of Ti-15% sample 1 
 
 
 
Figure 20: Stress-Strain graph of Ti-15% sample 2 
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Figure 21: Stress-Strain graph of Ti-30% Sample 1 
 
 
 
Figure 22: Stress-Strain graph of Ti-30% Sample 2 
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Figure 23: Stress-Strain graph of Ti-45% sample 1 
 
 
 
Figure 24: Stress-Strain Graph of Ti-45% sample 2 
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From the stress-strain graphs (figures 17-24), the elastic modulus of each sample was 
calculated, and tabulated onto table 5 for ease of view. 
Table 5: Table of each sample's calculated elastic modulus 
Sample Type Sample 1 Elastic 
Modulus (GPa) 
Sample 2 Elastic Modulus 
(GPa) 
Average Elastic 
Modulus (GPa) 
CP-Ti 77.98 72.51 75.25 
Ti-15% 68.16 48.49 58.33 
Ti-30% 36.05 41.42 38.24 
Ti-45% 24.01 25.61 24.81 
 
Using the results of table 5, the following graph was created with a linear trend line. 
 
Figure 25: Graph of ammonium bicarbonate percentage vs. elastic modulus 
 
A table was also produced for the yield strength of the samples calculated from the stress-strain 
graphs (table 6) 
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Table 6: Table of each sample's calculated yield strength 
Sample Type Sample 1 Yield 
Strength (MPa) 
Sample 2 Yield 
Strength (MPa) 
Average Yield 
Strength (MPa) 
CP-Ti 1050 1070 1060 
Ti-15% 818 702 760 
Ti-30% 739 601 670 
Ti-45% 419 360 390 
 
Referring to table 5, the average elastic modulus of the CP-TI samples was the highest at 
75.25GPa, while the Ti-15% sample had the next highest at 58.33GPa, Ti-30% the third 
highest at 38.24GPa and Ti-45% had the lowest at 32.81GPa. This shows that the higher the 
percentage of ammonium bicarbonate, the lower the elastic modulus becomes. This confirms 
the viability of the space holder technique as a solution to reduce the elastic modulus of 
titanium. 
 
Considering from section 4.1 that the porosity is proportional to the amount of ammonium 
bicarbonate, this means that the porosity is also inversely proportional to the elastic modulus 
of the sample, which conforms to the Gibson-Ashby equations (equations 1 and 2).  
 
Based on the elastic modulus of the samples (table 5), to get a sample around 30GPa, the 
upper limit of the elastic modulus of cortical bone, the sample should have an ammonium 
bicarbonate content between 30% and 45%, hence this is the optimal range to get an implant 
close to cortical bone in terms of elastic modulus. However, to get a sample close to the lower 
limit of bone of 10GPa, further testing will be required as 10GPa is below the elastic modulus 
of the 45% sample and therefore outside the range of testing. So, for further work, higher 
percentages should be tested to find the optimal range of percentages which results in samples 
close to 10GPa. 
 
Assuming a linear relationship between the elastic modulus and the ammonium bicarbonate 
percentage, an equation was derived to find the percentage which would result in a sample of 
30GPa (upper limit of elastic modulus of bone) and 10GPa (lower limit of elastic modulus of 
bone) (equation 3). 
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Equation 3: Linear approximation between ammonium bicarbonate and elastic modulus 
𝑦 = −1.14𝑥 + 74.87 
 
Using this equation, the percentage which would obtain 30GPa and 10GPa is 39% and 57% 
respectively. These percentages could be used in further testing to determine if the linear 
relation between the elastic modulus and ammonium bicarbonate content can be assumed, and 
whether these percentages do obtain their respective elastic moduli. 
 
The yield strength of the samples also follows the same trend as the elastic modulus, with CP-
TI again having the highest average value of the four samples at 1060MPa, followed by Ti-
15% at 760MPa, then Ti-30% at 670MPa and finally Ti-45% with the lowest at 390MPa. This 
confirms that the prediction that increasing the ammonium bicarbonate percentage also 
decreases the yield strength. 
 
The lowest yield strength of the samples was the Ti-45% sample at 390MPa. This is still 
above the yield strength of 111MPa, so all the samples are above the minimum yield strength 
required for the samples to not fail. This means that the optimal range is still 30%-45% from 
the elastic modulus analysis. 
 
There is an unusual occurrence in the stress-strain graphs for the Ti-30% and Ti-45% samples. 
From these samples, one sample of each percentage has the same mechanical behaviour as 
those of foamed materials. This applies to sample 2 for Ti-30% (figure 22) and in sample 1 
for Ti-45% (figure 23), where the stress decreases after reaching the yield point to a certain 
point and the strain increases independently of the stress, similar to that of foamed metals. 
This is due to the walls surrounding the pores collapsing until there are no pores left. 
 
Typically, after the pores collapse, the densification stage starts for foams, where the stress 
increases exponentially. However, the samples did not show this exponential stress growth. 
This could be possibly due to the size of the samples, with the remaining part of the sample 
not having enough strength to resist the force of the Instron machine. However, excluding the 
missing of the densification stage, these samples have the same mechanical behaviour as 
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those of foam metals. However, further testing can be done to see if the samples do behave 
mechanically the same as foamed materials, done by using larger samples. 
 
Another unusual point is the fact that the Ti-30% and Ti-45% have one sample which behave 
like typical metals (figures 21 and 24), while the other sample behave like a typical foamed 
metal (figure 22 and 23). This may lead to problems if the implants are not designed to 
operate within the elastic region, but should be no problem if designed to do so. For future 
studies, more samples should be created to have further testing to see the consistency of the 
behaviour, especially the 30% and 45% samples. 
  
4.3 Hardness Analysis 
The following table are the averages of the hardness test for each sample. The number tests 
conducted for each sample were 11, and the exact results of each test are in appendix A 
TABLE 7: TABLE OF VICKERS HARDNESS FOR EACH SAMPLE 
Sample CP-TI Ti-15% Ti-30% Ti-45% 
Hardness 
(Vickers) 
287.5455 196.4848 205.2091 121.2515 
 
Resulting in the graph below (figure 26) 
 
Figure 26: Graph of ammonium bicarbonate percentage vs. vickers hardness 
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Table 7 and figure 26 show a general inverse relationship between hardness and the 
ammonium bicarbonate content, which is as predicted in section 2.4. However, the 
irregularity of the Ti-30% sample should be tested again in further work to see if this test was 
an anomaly or if there is another relationship between these two properties.  
 
Another problem is how the Vickers hardness of the commercially pure samples were higher 
than normal. This could be due to the fact that during sintering, the Carbolite sintering 
machine did not create a perfect vacuum, allowing oxygen into the sample, which can 
increase the hardness of the sample.  
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5 Conclusions 
The following conclusions can be derived from this thesis:  
1. The space holder technique is an effective method in reducing the elastic modulus 
of titanium to the elastic modulus of cortical bone 
2. The optimal range of percentage of space holder within the sample is 30-45% to 
obtain a sample close to the elastic modulus of 30GPa. 
3. There are inconsistencies of mechanical behaviour within the samples, particularly 
at 30% and 45% volume of the sample, which can compromise the practicality of 
the space holder technique in being used to make implants 
6 Further Works 
There are also a number of points which can be further tested. Firstly, the consistency of the 
mechanical behaviour of the samples, particularly at 30%, should be tested to see if they 
behave closely to that of foamed materials or that of regular metals. Secondly, if the samples 
do behave closesly to foamed materials, to see if the samples have a densification section of 
their stress-strain graph. Lastly, percentages of ammonium bicarbonate larger than 45% 
should be tested to see the linearity assumption between the elastic modulus and the 
percentage of space holder holds true, and to prove that to obtain a sample of 10GPa, the 
percentage of ammonium bicarbonate is 57% as estimated. 
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Appendices 
Appendix A 
 
 
 
 
 
 
 
 
Figure 27: Table of CP-TI hardness tests 
Figure 28: Table of Ti-15% hardness tests 
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Figure 29: Table of Ti-30% hardness tests 
Figure 30: Table of Ti-45% hardness tests 
